Objective: To determine if mexiletine is safe and effective in reducing myotonia in myotonic dystrophy type 1 (DM1).
One randomized study suggested that mexiletine at 400 to 600 mg daily is a safe and effective antimyotonia medication. 7 (Although tocainide has also been reported to be effective in treating myotonia, 8 bone marrow suppression 8, 25 limits its use.) While this study 7 was an important step forward, it had some deficiencies: short duration (4 weeks), a heterogeneous patient group, a single-blind study design, heterogeneous treatment group sample sizes, and incomplete validation of the methods used to measure myotonia. Moreover, a recent Cochrane review concluded that none of the myotonia treatment studies reported as of 2006 were of sufficiently high quality to conclude that any available drug treatment of myotonia is effective and safe. 26 Given the need for a more definitive antimyotonia treatment trial, we prospectively evaluated the effect of mexiletine on grip myotonia and cardiac conduction in DM1 in 2 randomized, double-blind, placebocontrolled crossover trials, the first using a dosage of 150 mg 3 times daily (TID) and the second using 200 mg TID. Patients were eligible if they were between the ages of 18 and 80, could walk 15 feet independently, had sufficient finger flexor strength to grasp a handle, met standard clinical criteria for the presence of myotonia (time for fingers to fully uncurl following maximal hand grip estimated by visual inspection to be 3 seconds or more, or percussion myotonia in wrist extensor and thenar muscles), satisfied clinical criteria for DM1, 27 and had genetic confirmation of the diagnosis. Patients were ineligible if they were unable to give informed consent, were pregnant or lactating, were taking a medication known to affect myotonia, had a coexisting neuromuscular disease, or had another serious medical illness including second-or third-degree heart block, atrial flutter, atrial fibrillation, ventricular arrhythmia, history of cardiac arrhythmia requiring medication, congestive heart failure, symptomatic cardiomyopathy, or symptomatic coronary artery disease.
Standard protocol approvals, registrations, and patient consents. All study participants gave written informed consent, and all study procedures received approval from the Institutional Review Board at the University of Rochester.
Randomization and enrollment. We carried out 2 randomized, double-blind, placebo-controlled crossover trials (figure 1). In each trial, the 2 treatment periods were 7 weeks in duration separated by a 4-to 8-week washout period. Those who participated in both trials (n ϭ 10) were required to wait at least 8 weeks after the end of the first trial to enroll in the second trial. Participants were randomly assigned in each trial to 1 of 2 treatment sequences: mexiletine/placebo or placebo/mexiletine. The computer-generated randomization plans included blocking to ensure approximate balance between the 2 treatment sequences. A programmer in the Department of Biostatistics (Rochester, NY) generated the randomization plans and sent them to the pharmacy where drug packaging and labeling took place. All drug was labeled with a participant ID number. Only the biostatistics programmer and the pharmacist had access to the treatment assignments. Drug was assigned sequentially. The study coordinator was required to check all baseline forms for completeness and verify eligibility criteria before calling the pharmacy to officially randomize a participant.
Therapy and follow-up. For both trials, all participants were admitted to the University of Rochester General Clinical Research Center for an inpatient visit at the beginning (baseline 4-day admission) and at the end (2-day admission) of each 7-week treatment period. Fasting mexiletine drug levels were obtained on the first morning of each admission. An EKG was obtained on admission (day 1) and daily for the first 2 days that new treatment was initiated (days 3 and 4) at the baseline visit, and on both days of the week 7 visit. Myotonia testing (see below) took place in the morning (6:30 -8:30 AM) on the first 2 days of each admission (baseline and week 7) following an overnight fast. Randomization was performed on the morning of day 3 of the initial admission, after all baseline measurements were obtained.
Reports of adverse events, vital signs, and safety laboratory tests (comprehensive chemistry panel, CBC with differential, platelet count, PTT, APTT, T4, TSH, and urinalysis) were obtained at each inpatient visit as well as outpatient visits held during week 3 of each treatment period. Adverse events were also monitored during telephone calls at weeks 2 and 5 of each treatment period.
Mexiletine was purchased from Roxane Laboratories, Inc., and placebo was prepared by the pharmacy at the University of Rochester. Active and placebo medication were re-encapsulated in gelatin capsules by the pharmacy to facilitate blinding. The dosage was titrated so that TID dosing was reached by day 7 of each treatment period. Medication was tapered over 6 days after the completion of each treatment period.
Myotonia testing. The right arm was used for measuring grip relaxation times (RTs) after a maximal voluntary isometric contraction (MVIC) as described previously. 28, 29 In brief, each trial consisted of 6 maximal voluntary contractions, each lasting 3 seconds, with a 10-second rest period between each contraction. Three sets of measurements (trials) were performed with 10-minute intervals of rest between trials.
An automated computer program first determined peak force (PF) in kg units and then placed cursors on the declining, relaxation phase of the force recording at various levels of PF: 90%, 50%, and 5% (figure 2). 28, 29 The RTs reported here are the times required for decline in force from 90% to 5%, 90% to 10%, and 50% to 5% of PF.
Grip RT and PF were calculated from the initial contraction from each of the 3 trials on the first 2 days of admission (6 trials total). The additional contractions 2-5 were analyzed for study of the warm-up phenomenon as previously reported. 28 The mean PF and RT were determined by averaging these values from the 6 trials over the 2 days of evaluation.
Sample size determination. The sample size of 20 participants was chosen to provide 80% power to detect a treatment effect of 0.66 SD units using a 2-tailed paired t test and a 5% significance level.
Statistical analysis. The primary outcome variable for efficacy was the average RT (time to decline in force from 90% to 5% of PF). Secondary outcome variables included other average RTs (90%-10% of PF, 50%-5% of PF) and average PF. EKG outcomes, including PR interval, QRS interval, and QT c interval, were of primary interest from the perspective of safety. The primary statistical analyses of the data from week 7 of each treatment period used an analysis of variance model that included effects for treatment, period, and participant. Mean mexiletineplacebo differences (treatment effects) and associated 95% confidence intervals were estimated using this model. Only participants who completed both treatment periods were included in the primary statistical analyses. The results of analyses that included data from all randomized participants (mixedeffects analysis of variance model) and those that excluded data from 3 participants with undetectable mexiletine levels yielded nearly identical results.
RESULTS
The participants in both studies were middle-aged with a slight male predominance (table 1). Symptoms had been present for a mean of about 2 decades, and median CTG repeat sizes were approximately 500 in both groups with a minimum of 169. Four participants dropped out of the study after the initial General Clinical Research Center visit: 2 participants in the 150 mg TID trial (1 on placebo and 1 on mexiletine, both due to family reasons and inability to fulfill the required time commitment) and 2 participants in the 200 mg TID trial (1 on placebo due to perceived lack of therapeutic benefit and 1 on mexiletine due to diarrhea). Trough blood levels of mexiletine were somewhat higher with 200 mg TID (0.86 Ϯ 0.48 g/mL, range 0 -1.70 g/mL) than with 150 mg TID (0.54 Ϯ 0.28 g/mL, range 0 -1.15 g/mL). Mexiletine blood levels reached the therapeutic range for treating arrhythmia (0.5-2.0 g/mL) in 13 patients (68%) with 200 mg TID and in 10 patients (55%) with 150 mg TID. Three participants (1 in the 150 mg TID trial and 2 in the 200 mg TID trial) had a mexiletine blood level of 0. When these possible noncompliers were removed, the blood levels achieved the therapeutic range in 76% of those on 200 mg TID and 59% of those on 150 mg TID.
Mexiletine was generally well-tolerated and there were no significant adverse events at either dosage. Adverse events were mild (table 2), and slightly more common with mexiletine treatment than with placebo treatment. Adverse events that seemed to be more common with mexiletine were mild upper gastrointestinal distress and lightheadedness. As noted above, mexiletine treatment was discontinued due to an adverse event (diarrhea) in only 1 participant while taking 200 mg TID mexiletine. In both trials, there were no significant effects of mexiletine on EKG measurements (table 3, table e-1 on  the Neurology ® Web site at www.neurology.org). The mean PR, QRS, and QT c intervals remained stable over time with mexiletine and placebo treatment.
The MVIC grip traces showed prolonged 90%-5% RTs, particularly in the terminal portion of the relaxation phase (figure 2B). In both trials, the RTs were elevated at baseline (table 1) and during placebo treatment (table 3; figure 2 ) with mean 90%-5% RTs of over 2 seconds. Mexiletine at the 150 mg TID and 200 mg TID dosages was associated with a significant reduction in RT, with mean reductions of 48% (90%-5% RT), 48% (90%-10% RT), and 55% (50%-5%) with 150 mg TID and mean reductions of 52% (90%-5% RT), 51% (90%-10% RT), and 58% (50%-5%) with 200 mg TID (table 3, table e-2, figure 2) . In both the 150 mg TID and 200 mg TID trials, 17 of the 18 participants (94%) had a shorter 90%-5% RT on mexiletine than on placebo. There was a significant improvement in peak grip force with 150 mg TID mexiletine compared to placebo (table 3), but this was not the case with 200 mg TID mexiletine (table 3) . DISCUSSION The major finding in these randomized, double-blind, placebo-controlled trials of mexiletine in DM1 is that dosages of 150 and 200 mg TID for 7 weeks significantly improve myotonia, as measured by hand grip relaxation time, but do not cause significant adverse events or produce EKG conduction abnormalities in the short term.
These trials have several advantages over previous myotonia treatment trials in patients with DM1. 1) These studies are the largest we are aware of in that 20 genetically defined DM1 patients participated in each of the 2 trials. Previous trials have included relatively small numbers of DM1 patients, have often included participants with different forms of myotonic myopathy, and none have provided genetic confirmation. 2) These trials were double-blind; previous trials of mexiletine or tocainide for myotonia in DM1 have been single blind 7 or unblinded. 8 3) The improvement in myotonia noted in our first trial was corroborated by the second. 4) Plasma concentrations of mexiletine were measured, a requirement for the tocainide study, 8 but not in the previous mexiletine study. 7 5) These trials employed a carefully tested method of measuring grip myotonia 28, 29 that has good test-retest reproducibility, and yields grip relaxation times that increase and grip peak forces that decrease as CTG repeat lengths increase. Ergonomic techniques have been used to measure myotonia in patients with myotonic dystrophy for some time, 9 ,30 but they have not been as carefully tested. The previous study of mexiletine 7 utilized timed measurements of eye and hand opening, stair climbing, and the opponens pollicis, surface EMGrecorded myotonic afterdischarge that have merit as outcome measures, but again, have not been as carefully validated as our method.
Mexiletine is a lidocaine analog. 31 Both drugs are type Ib anti-arrhythmics and produce statedependent block of inactivated and to a lesser extent open (but not resting) sodium channels in cardiac and skeletal muscle; therefore, the channel block produced by these medications is mainly action 
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106 (32) 100 (30) QT c interval 415 (27) 410 (27) a Values are mean (standard deviation) unless otherwise indicated. potential-dependent. The 2 drugs differ in that sodium channel block induced by mexiletine is slightly slower to recover than that from lidocaine. In addition, hepatic metabolism is greatly reduced for mexiletine, which makes it suitable as an oral medication. Mexiletine is effective in cardiac patients with ventricular arrhythmias 31 and long QT syndrome 32 and in neuromuscular patients with myotonic disorders such as potassium aggravated myotonia or paramyotonia congenita. 33, 34 These myotonic disorders are skeletal muscle sodium channelopathies which typically manifest a slowed rate of fast sodium channel inactivation. This results in abnormally persistent sodium currents leading to repetitive firing of muscle fibers and delayed muscle relaxation (myotonia). [33] [34] [35] Mexiletine ameliorates myotonia in sodium channelopathies by enhancing fast-inactivation of the sodium channels, resulting in use-dependent sodium channel block. 33, 34, 36, 37 In addition, mexiletine may also produce open channel block of late-opening channels 38 at lower serum concentrations than those required to block channels that are closed and inactivated. By contrast, mexiletine is not known to affect skeletal muscle chloride channels, and its beneficial effects in patients with chloride channel myotonic disorders, such as DM1 or myotonia congenita, probably result from block of normal sodium channels which thereby decrease repetitive motor unit discharges. 33, 34 Our data show that even moderate oral dosages of 150 mg TID with drug levels in the low to mid-therapeutic range (by cardiac standards) reduce handgrip myotonia in DM1. Importantly, although mexiletine produces use-dependent sodium channel blockade and could result in loss of muscle strength, there was no decline in grip peak force on mexiletine at either dosage. On the contrary, peak force significantly improved on mexiletine 150 mg TID, but this was not confirmed by the 200 mg TID trial. In any case, the preservation of grip force on mexiletine is consistent with the absence of significant cardiac hemodynamic compromise in patients on mexiletine for ventricular arrhythmia. 31 Given that patients with DM1 may have abnormalities of cardiac conduction, 39 a major aim of these trials was to establish that mexiletine did not affect cardiac conduction in patients with DM1 with no baseline cardiac risk factors except first-degree AV block. It is recognized that lidocaine or mexiletine can potentially increase QRS duration particularly at higher heart rates, may shorten the QT interval, may compromise hemodynamic function in patients with heart failure, 31 and can increase pacing threshold and the energy required for defibrillation. 31 Still, treatment with these drugs in cardiac patients typically has little effect on PR, QRS, and QT duration, or on hemodynamic function. 31 Similarly, previous studies of mexiletine and tocainide 7, 8 in patients with myotonic myopathy of various types have also shown no significant changes in EKG measurements. Our study supports the view that mexiletine at dosages of 150 to 200 mg TID has no significant effect on cardiac conduction over a 7-week treatment period in patients with DM1 who have no significant cardiac risk factors except for first-degree AV Block. However, we recognize that our conclusions about the cardiac safety of mexiletine in DM1 are somewhat tentative given that 1) mexiletine is rarely associated with a pro-arrhythmic response that can aggravate underlying ventricular arrhythmias, 40 and 2) our studies involved a total of only 30 patients with DM1 followed for 7 weeks on mexiletine and excluded patients with significant heart disease. As a result, our practice is to obtain cardiac consultation before beginning mexiletine therapy for symptomatic myotonia in patients with DM1 who have current or remote cardiac symptoms or an abnormal baseline EKG.
In our trials, adverse events were observed in participants on placebo and on both dosages of mexiletine (table 2); none were considered serious, and only 1 participant discontinued the drug due to an adverse event.
For those completing the trial, the occurrence of upper gastrointestinal distress and lightheadedness appeared to be more common with mexiletine than with placebo. Tremor occurred in only 1 participant taking mexiletine 200 mg TID. These results are similar to those observed previously. 7 Overall, our data suggest that mexiletine at oral dosages of 150 -200 mg TID may be considered as an effective, symptomatic treatment in patients with DM1 with functionally significant myotonia, and appears to be safe in the short term. Moreover, because the study required the presence of clinical myotonia, but did not specifically require moderate or severe myotonia as in 2 prior trials, 7, 8 we believe that our data are generalizable to typical patients with DM1 with clinically evident myotonia. The percentage improvement in grip RT was not significantly greater in the 200 mg TID trial than in the 150 mg TID trial. We do not know why our study did not demonstrate a clear dose response effect of mexiletine on grip RT. This may be due to the different baseline characteristics of the 2 groups (e.g., the grip RTs were longer in the 200 mg TID than the 150 mg TID trial) or possibly that the effect of mexiletine on RT plateaus over the 150 -200 mg TID dosage range.
One limitation of our trials is that they show relatively short-term benefits of mexiletine on handgrip relaxation. We do not know if this effect is durable over months to years, or if it is associated with improvement in quality of life. Our findings warrant long-term clinical trials with mexiletine in order to determine whether 1) its minimal risk and significant benefit in relieving myotonia are maintained over time, 2) it results in functional improvement in muscle-related activities of daily living, 3) it has a beneficial effect in maintaining muscle strength and mass, 4) it has a beneficial role in reducing or preventing musculoskeletal pain, and 5) it improves quality of life. 
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